The human red blood cells survive in the circulation for 120 days. Density-gradient centrifu 
Introduction
It has been known that the life span of the human red blood cells in the blood stream is approximately 120 days.1 To clarify the aging mechanism of the red cells in vivo, biochemical characterization of the red cells of different ages has been investigated by numerous investigators. In particular, the relationship between the aging of the red cells and the intracellular components and/or the chemical composition of the red cell mem branes were investigated. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Today, the majority of the investigations concerning the red cell senescence is focused on the mechanism by which the aging of the cell promotes its destruction. The fi rst hypothesis that the reduction in sialic acid induced a rapid sequestration of the red cells from circulation was proposed to explain the senescence and destruction of the red cells.4,21-26 A number of studies have provided the evidence that the IgG antibody that is bound to newly exposed sites on the membrane surface by desialylation would be effective in promoting macrophages' phago cytosis of the old red cells obtained from density separation method. 26 To clarify the age-associated changes of the red cells and the actual process of senescent cell destruction , many investigators have attempted to isolate the dif ferent population of the red cells . Density-gradient centrifugation has been a widely used method .28,29,37-42 The investigation with radioactive iron labeled cells revealed that the density of human red cells increased with aging.6,43 This fact showed that the bottom layer of centrifuged cells (high-density cells) contained pre ponderantly old red cells, while young red cells were concentrated in the top layer of centrifuged cells (low density cells). Piomelli Thompson et al45 adopted the counterfiow centrifug ation or elutriation technique, which separates the cells primarily on the basis of cell size. It was suggested that this technique provides some degree of age-dependent separation by using labeling studies in human subject. 45, 46 Marks and Johnson47 used a method by alternations in osmotic fragility. Differences in osmotic resistance between the young and the old red cells provided a basis for separating the whole cell populations into different age fractions. The red cells obtained from fresh human blood were fractionated into three fractions, that is, top (low density), middle and bottom (high-density) layers by the density gradient centrifugation .48 When compared with the top layer containing young red cells, the old red cells of the bottom layer showed decreases in mean corpuscular diameter (MCD), mean corpuscular surface area (MCSA) and mean corpuscular volume (MCV), but an increase in mean corpuscular average thickness (MCAT) as shown in Table 1 .
The old cells isolated from normal human blood showed a marked reduction in their capacity to deform under shear stress.49,50 In addition to the contribution of increased intracellular viscosity, the old cells also appeared to have reduced surface area.49,50 It was thought that the deformability loss was mostly due to an increase in membrane rigidity. Whereas MCV decreased linearly with the red cell age, mean corpuscular hemo globin concentration of the young red cells was lower than that of the lod red cells, which indicated that there was no loss of hemoglobin in the red cells during aging.3,10 Nakao et al51 described that the adenosin triphosphate (ATP) level in the red cells decreased gradually with their life-span in the blood vessels. They also suggested that the decrease of the ATP level caused the destruction Since hemoglobin constitutes the major mass of the red cells, it primarily determine their density.3,10 The cell density depends also on the water content of the red cell, which is regulated by the quantity of slowly permeable cytoplasmic constituents, primarily K and Na.13 The red cells with the higher-density are thought to represent the senescent population and contain less K and Na than the rest of cell populations. This nature of the red cells prompted the investigations of the transport pathways involved in regulation of intracellular K and Na.
The The changes in the carbohydrate content of the human red cell membranes during the aging have been most widely investigated.5,6,11,15-18,20,42 Baxter and Beeley5 reported that the oldest cell fractions consistently showed a sialic acid content which was approximately by 15% lower than that of the cells at the top of the gradients (young). The study by Yaari et al42 showed that there was significant difference in electrophoretic mobility between the young and the old red cells. The decrease of sialic acid content in the old cell population can be attributed to a reduction in membrane surface area of the red cells.
It was also reported that the other carbohydrate contents, such as neutral sugars and hexosamines, of the cell membranes were significantly higher in the young red cells than in the old ones. Blood-group activity and lectin receptor activity
Since the blood group activity and lectin receptor activity of the red blood cells are attributed to the sugar residues in the terminal positions of the carbohydrate chains of glycolipids and/or glycoconjugates on their membranes,55 the relationship between the red cell aging and the changes in biological activities of the cells to various anti-sera and lectins were examined by several research groups.3,11,20,48,56-60 affected by enzymes including glycosidases and pro teinases during the aging process in vivo. Smalley and Tucker59 found, using immunoelectron microscopy with hemocyanin-conjugated antiglobulin, that the heterogeneity of the distribution density of blood group A1 and A2 antigen site was not age-related.
In the authors' study,48 compared with the young red cells, decreases in the number and distribution density of receptor sites for lectins including Limulus polyphemus (LPA), Canavalia ensiformis, Triticum vulgaris (WGA), Ricinus communis (II), Glycine max (soybean) and Bauhinia purpurea on the cell surfaces were observed in the old red cells as shown in Table 2 . The number of WGA receptor sites on the cell surface was 2% lower in the old red cells than in the young ones, whereas the distribution density of WGA receptor sites on the cell surface was 27% higher in the old than in the young red cells (Table 2) . On the basis of the invariability of the number of WGA receptor sites and the remarkable increased in the distribution density of the same receptor site during aging in vivo and considering the marked decrease in cell surface area found in the old red cells, it is probable that the human red cells shrink to reduce their surface areas without being vesiculated during aging in vivo. As LPA is a lectin which is capable of binding of sialic acid residues in glycoconjugates,61 the LPA receptors released from the red cell membranes were presumed to be certain sialic acid-containing glycoconju gates. It is inferred that the human red cell aging is accompanied by elimination of some glycoconjugates which have affinities for these lectins.
Choy et al11 reported as a result of examining the activities of the young and the old red cells against some lectins that a decrease of sialyl residue and an increase of galactosyl and N-acetylgalactosaminoyl residues in the terminal position of the carbohydrate chains of membrane glycoconjugates are observed in old red cells. However, in the authors' study, both the young and the old red cells exhibited very weak binding activity for 125I-labeled PNA (Arachis hypogaea, peanut).48 Skutelsky et al58 found, from electron microscopic studies of the red cell membrane surfaces, that neither young nor old red cells reacted with ferritin-conjugated PNA. It is known that MN active sialoglycoproteins change into asialoglycoproteins,62,63 that is, Thomsen-Friedenreich (T) antigen which can be detected with PNA when sialic acid residues are removed from glycophorins by action of sialidase.58,64 From the authors' result48 and the observation by Skutelsky et al,58 it is implied that the human red cells are not exposed to sialidase during the aging in vivo.
Survival of Senescent
Red Blood Cells
Role of bound sialic acid on red blood cell membranes
If the changes in the red cell surface lead to the des truction of senescent cells, it would be of interest to know how these changes are produced as the cell ages. Several possibilities were considered, and density-separated cells were examined for the evidence that such processes might have occurred (Table 3) . Several different mechanisms including both specific and nonspecific for the recognition were summarized in Table 4 .
The old red cells were found to show a significant reduction in the total surface charge and in the sialic acid content.10,42 The first possibility to be proposed was that a loss of the highly negatively charged sialic acid residues (Fig 1(A) ). The study by Jancik et al23,24 was carried out to deter mine the physiological significance of sialyl residues to the viability of the red cells in the circulation. They reported that the release of bound sialic acid on the red cell membranes by neuraminidase treatment led to a significant reduction of the lifetime of these cells in circulation as shown in Fig 1 (B) . These experimental results led us to believe that the diminished surface charge may play a role in the removal of the senescent red cells from the circulation.
Choy et all 1 suggested that the newly exposed galactose and galactosamine residues in the desialylated glyco phorins may serve as recognition signals triggering the elimination of the senescent red cells from circulation . Alderman and coworkers28,29 concluded that age related antigenic determinants present on the senescent human red cells were exposed by desialylation of the major sialoglycoprotein component of the red cell membrane . 68 Tanner and Anstee68 reported that band 3 from En(a-) cells contained greater amounts of galactose and N-acetylglucosamine. Gahmberg et al69 reported that band 3 contained two oligosaccharides, and that the more complex oligosaccharide had a higher molecular weight in En(a-) cells than in normal cells. Lutz and Fehr54 reported that glycophorins A and B isolated from membranes of young and old red cells had the same sialic acid contents. These experimental results also indicated that the desialylated red cells and the old red cells were removed by different mechanisms.
Thus it was suggested that there existed a similar lectin-like receptor mechanism in human, and that there were observations by others implying an antibody dependent mechanism for phagocytosis of senescent human red cells. Kay et al30-34 reported that one of the mechanisms of the red cell removal was the Fc receptor-dependent phagocytosis of the senescent cells opsonized with anti-band 3 immunoglobin G (IgG) autoantibody. The senescent antigen to which anti band 3 IgG antibody binds on the cells is thought to be a 62000-dalton fragment of band 3 molecules.33,34 Lutz et al35,36 suggested the binding of anti-band 3 IgG antibody to the red cells treated with diamide and the antigen to be the cross-linked band 3 molecules. Beppu et al72 had shown that anti-band 3 IgG antibody bound to the red cell oxidatively damaged by iron ion catalyst, and suggested involvement of disulfide formation of the membrane proteins in the generation of the senescent antigen. They also suggested that naturally occurring IgG autoantibody against band 3 glycoprotein of human red cell membranes recognized the red cells modified with oxidizing as well as the senescent red cells, and that the antigenic deter minants of band 3 are located in sialylated poly-N acetyllactosaminyl sugar chains.73 Metabolism 
